
Mysterious oligomerization of the amyloidogenic proteins

Vladimir N. Uversky
Center for Computational Biology and Bioinformatics, Indiana University School of Medicine,
Indianapolis, IN, USA

Institute for Intrinsically Disordered Protein Research, Indiana University School of Medicine,
Indianapolis, IN, USA

Institute for Biological Instrumentation, Russian Academy of Sciences, Pushchino, Moscow
Region, Russia

Abstract
Misfolding and subsequent self-assembly of protein molecules into various aggregates is a
common molecular mechanism for a number of important human diseases. Curing protein
misfolding pathologies and designing successful drugs for the inhibition or reversal of protein
aggregation depends on understanding the peculiarities of the misfolding process. Protein
aggregation is a very complex process characterized by a remarkable polymorphism, where
soluble amyloid oligomers, amyloid fibrils and amorphous aggregates are found as final products.
This polymorphism is associated with the existence of multiple independent and competing
assembly pathways leading to aggregation. Regardless of the aggregation mechanism, soluble
oligomers are inevitably formed during the self-association process. Some of these oligomers are
now considered to be major initiators of the neurodegenerative cascades of corresponding
diseases. However, not all oligomers are equally harmful, and several amyloidogenic proteins
have been shown to form nontoxic oligomers, some of which were efficient fibrillation inhibitors.
Unfortunately, the information on the structural properties of soluble oligomers and the
mechanisms of their formation, interconversion and toxicity is sparse. This review provides an
overview of some topics related to soluble oligomers and represents several illustrative examples
of toxic, nontoxic, productive and off-pathway amyloid oligomers.

Introduction
Many biologically active proteins act as specific oligomers. Structural proteins assemble
into sophisticated supramolecular complexes that play various roles in a cell’s life. The
formation of such functional oligomers and supramolecular complexes is tightly controlled
and regulated. On the other hand, protein misfolding and subsequent uncontrolled (or
unwanted) self-aggregation are known pathogens, which are now considered as potential
driving forces for the development of a number of human diseases [1–6]. In fact, pathogenic
proteinaceous deposits are at the heart of several so-called conformational diseases, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), diffuse Lewy bodies disease, Lewy
bodies variant of AD, dementia with Lewy bodies, multiple system atrophy, Hallervorden–
Spatz disease, light chain-associated amyloidosis, light chain deposition disease,
amyloidosis associated with hemodialysis, Huntington disease, spinal and bulbar muscular
atrophy, spinocerebellar ataxia, neuronal intranuclear inclusion disease, Creutzfeld–Jacob
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disease, Gerstmann–Straussler–Schneiker syndrome, fatal familial insomnia and Kuru.
These, and many other diseases, originate from the conversion of soluble and harmless
protein into stable, ordered, filamentous protein aggregates, commonly referred to as
amyloid fibrils, which can accumulate in a variety of organs and tissues. At least 21 different
proteins have been recognized as causative agents of these conformational diseases [7].
Protein aggregation in general, and amyloid fibrillation in particular, is a highly selective
molecular self-assembly process. As a result, proteinaceous deposits found in different
diseases predominantly contain aggregated forms of a specific causative protein, unique for
a given disorder. This raises the question of what drives the transformation of a biologically
active soluble protein into a pathogenic misfolded conformation with high self-aggregation
potential. Some of the possible mechanisms include [8]: an intrinsic propensity of some
proteins to assume a pathological conformation, which becomes evident either with aging
(e.g. normal α-synuclein in sporadic forms of PD and other synucleinopathies [9], and
normal transthyretin in patients with senile systemic amyloidosis [10]) or as a result of
unnaturally and persistently high cellular or plasma concentrations (e.g. triplication of a
normal α-synuclein gene in some familial forms of PD [11–13], accumulation of β2-
microglobulin in patients undergoing long-term hemodialysis [14], locally high insulin
concentrations at the injection sites because of the slow release of insulin from the injection
site [15]); the point amino acid mutations in causative proteins (e.g. familial forms of AD
and PD, various hereditary amyloidoses); the genetic expansion of a CAG repeat in ORFs of
genes encoding corresponding proteins (e.g. Huntington disease, spinal and bulbar muscular
atrophy and spinocerebellar ataxia); the abnormal post-translational modifications of the
causative proteins (e.g. hyperphosphorylation of tau protein in AD); the proteolytic cleavage
of the precursor protein (e.g. β-amyloid precursor protein in AD); the exposure to some
environmental agents that can bring about pathogenic conformational changes in the
causative proteins (e.g. structural changes induced by pesticides, herbicides or heavy metals
in PD-related protein α-synuclein, structural consequences of oxidative damage, etc.). These
and other mechanisms can act independently, additively, or even synergistically.

The accumulation of protein deposits is commonly associated with severe cellular
degeneration at the deposition places, the precise mechanisms of which remain elusive [16].
It is not clear whether amyloid fibrils trigger the cellular degeneration or simply represent
highly visible side products of the cellular disruption process. However, it has been
established that protein misfolding/aggregation and cellular degeneration are coupled. As it
was nicely summarized in a recent review [17], there are several potential mechanisms of
such cytotoxicity originating from protein deposition. These include: the disruption of the
tissue architecture and functions promoted by the invasion of the extracellular space of
organ by amyloids [8,18]; the destabilization of intracellular and extracellular membranes by
oligomers, the formation of which may precede or coincide with the appearance of amyloid
fibrils [19,20]; the apoptotic cell death and receptor-mediated toxicity triggered by the
oligomer interaction with various neuronal receptors [21]; the oligomer-mediated
impairment of the presynaptic P/Q-type calcium currents [22]; the impaired maturation of
autophagosomes to lysosomes mediated by the oligomer accumulation [23]; the dysfunction
of autophagy, a lysosomal pathway for degrading organelles and proteins [24]; the oxidative
damage-induced disruption of the cell viability promoted by the incorporation of redox
metals into amyloid fibrils and the subsequent generation of reactive oxygen species [25–
29]; the general disorganization of cellular protein homeostasis associated with the
exhaustion of the cell defense mechanisms, such as a chaperone system [30,31]; proteasome
inhibition [32]; the loss of crucial protein function(s) and/or the gain of toxic function(s).

All this explains why the problems of misfolding, aggregation and amyloid fibril formation
have gained considerable attention from researchers. An intriguing recent development in
this field is the immerging recognition of the multiple unique roles that soluble amyloid
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oligomers (which are oligomeric but soluble states of amyloidogenic proteins) play both as
crucial precursors of amyloid fibrils and as independent toxic agents. Despite these facts,
information on the structural properties of soluble oligomers and the mechanisms of their
formation and interconversion is sparse, and the understanding of the molecular mechanisms
of their toxicity remains mostly elusive. This review provides an overview of some topics
related to these issues.

Template-dependent and template-independent mechanisms of amyloid
fibril formation

It is now recognized that amyloid fibrillation is a highly dynamic process that represents the
most dramatic consequence of protein misfolding and takes place in parallel with, or as an
alternative to, physiological folding. The amyloid fibril is a relatively recent discovery, but
seems to be the universal state of a polypeptide chain, as the number of proteins shown to
form such structures in vitro is constantly increasing [2]. Despite different chemical natures
of causative proteins, amyloid fibrils of different origins have a rather similar (but not
identical!) morphology, consisting of two to six unbranched protofilaments 2–5 nm in
diameter associated laterally or twisted together to form fibrils with a 4–13 nm diameter [2]
and displaying many common properties, including a core cross-β-sheet structure in which
continuous β-sheets are formed with β-strands running perpendicular to the long axis of the
fibrils [33]. Apart from their characteristic appearance in the electron microscopy or atomic
force microscopy (AFM) images (often observed as long twisted rope-like structures),
amyloids are easily recognizable by their apple-green birefringence under a polarized light
microscope after staining with a specific fluorescent dye (Congo red). Although fibrillation
of various proteins produces fibrils with generally similar morphology, the phenomenon of
amyloid fibrillar polymorphism has been recently recognized: fibrillation of a single
amyloidogenic protein may result in the appearance of multiple forms of amyloid fibrils,
depending on their induction conditions [17,34–38]. Such a polymorphism is probably due
to the existence of multiple independent and competing assembly pathways leading to the
amyloidogenesis [17,37,38].

In addition to the amyloid fibrils discussed above, proteins can self-assemble to form several
other types of aggregate, e.g. soluble oligomers and amorphous aggregates. Amorphous
aggregates are typically formed faster than fibrils. There is no special conformational
prerequisite for amorphous aggregation to occur, and many destabilized and partially
unfolded proteins precipitate out of solution in a form of amorphous aggregate. On the other
hand, fibrillation requires special conditions that promote the formation of the specific
amyloidogenic conformations [39]. The choice between the three aggregation pathways,
fibrillation, amorphous aggregate formation and oligomerization is determined by the amino
acid sequence and by the peculiarities of protein environment.

Fibrils are proposed to be formed in template-dependent and template-independent manners
(reviewed in [17]). In template-dependent fibrillation, interaction with a pre-existing
template brings about conformational changes in an amyloidogenic protein, promoting its
accommodation to the template with the subsequent exposure of the interactive regions for
the consecutive self-assembly [40]. Here, the template is taken in a broad essence, as almost
any conformational species involved in the amyloid fibrillation (i.e. altered monomeric
conformation, oligomeric forms, immature fibrils, protofibrils and fragments of fibrils)
could play this role.

In template-independent fibrillation, the amyloidogenic conformations are formed
spontaneously, in the absence of a template. After being formed, such an amyloidogenic
self-interactive conformer favors the self-assembly process, which eventually leads to
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amyloid fibril formation [17]. The mentioned conformational transition from a soluble,
biologically active form to the amyloidogenic species is a great illustration of the protein
misfolding concept. Obviously, such a misfolding process can be triggered by a multitude of
extrinsic and intrinsic factors. For example, the α-synuclein fibrillation was shown to be
dramatically accelerated under any conditions favoring the transformation of this natively
unfolded protein into the amyloidogenic form characterized as a partially folded monomeric
conformation resembling the premolten globule state [9,41]. It is clear that in reality only the
very early stages of amyloid fibril formation, the formation of monomeric amyloidogenic
species and their assembly into the first amyloidogenic oligomers, are template independent.
Once formed, such an amyloidogenic oligomer will immediately start acting as a template,
promoting sequential addition of monomers through induced conformational transitions.

Even the longest journey begins with the first step: oligomerization as the
inevitable step of protein aggregation

Recently, in an excellent review, Morris et al. [42] provided an outstanding summary of
major models proposed for the description and analysis of the protein aggregation kinetics
and mechanisms. The authors distilled the enormous literature on protein aggregation (as of
March 2010, there were more than 53–500 papers in PubMed discussing various aspects of
this phenomenon) down to several major classes of kinetic mechanisms. In this review, an
interested reader can find thoughtful and deep analyses and comparisons of various protein
aggregation models, together with the formalisms proposed for the quantitative description
of aggregation kinetics [42]. Protein aggregation is an irreversible nucleated (or
autocatalytic) process that resembles a condensation reaction, as it typically occurs only
above a critical concentration. Typically, protein fibrillation is described by a sigmoidal
curve and is considered to be a nucleation–polymerization reaction where the monomer
addition steps are assumed to be thermodynamically unfavorable until a critical nucleus is
formed (i.e. during the nucleation stage). However, aggregation is a thermodynamically
favorable process during the polymerization stage (i.e. after the critical nucleus formation).
The critical nucleus is defined as the least thermodynamically stable species in solution,
which is the oligomer of minimal size capable of initiating further growth [42]. The nucleus
can also be defined as the aggregate size after which the association rate exceeds the
dissociation rate for the first time [43]. In addition to the homogeneous nucleation,
heterogeneous nucleation (or seeding) can also take place on the surface of existing
polymers [44]. Furthermore, aggregation can be further accelerated by the fragmentation of
existing aggregates [45,46]. For some proteins with specific distributions of polar and
hydrophobic residues (e.g. for Aβ1–40 peptide), fibrillation can start only above a certain
critical micelle concentration at which the peptide micelles are formed. The formation of
these micelles represents a crucial step, as fibrils nucleate inside them and then grow by
irreversible binding of monomers to fibril ends [47].

All the models mentioned above were developed to describe an aggregation process that
obviously starts with a monomeric protein and ends with the aggregate formation. Figure 1
represents an idealized model of amyloid fibril formation and clearly shows that fibrillation
is a directed process with a series of consecutive steps, including the formation of several
different oligomers. In this model, various oligomers are comprised of structurally identical
monomers and the formation of these oligomers constitutes productive steps in the
fibrillation pathway. However, aggregation is known to induce dramatic structural changes
in the aggregating protein. Therefore, monomers at different aggregation stages are not
identical. In addition, recent studies have clearly shown that a given protein can self-
assemble into various aggregated forms, depending on the peculiarities of its environment.
In fact, the typical aggregation process only rarely results in the appearance of a
homogeneous product where at the end of the reaction only one aggregate species (amyloid
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fibrils, amorphous aggregates or soluble oligomers) is present. More often, heterogeneous
mixtures of various aggregated forms are observed. Furthermore, each aggregated form can
have multiple morphologies and monomers comprising morphologically different
aggregated forms can be structurally different. All this suggests that aggregation is not a
simple reaction, but a very complex process with multiple related and unrelated pathways
that can be connected or disjoined. However, regardless of the model or pathway
considered, the appearance of a large aggregate inevitably involves the formation of some
small oligomeric species.

MysteriO’s: illustrative examples of toxic, nontoxic, productive and off-
pathway oligomers

Recent studies have indicated that small oligomeric species are potentially more cytotoxic
than mature fibrils, which can be considered as products of detoxification [19,20,48]. In fact,
clinical manifestations of amyloidosis-related neurodegenerative diseases often precede a
detectable accumulation of the fibrillar protein aggregates. In AD, the number of senile
plaques in the affected region of the brain was shown to be poorly correlated with the local
extent of neuron death or synaptic loss, or with cognitive impairment. On the other hand,
some patients with abundant amyloid deposits do not show any neurodegenerative
symptoms, suggesting that mature amyloid fibrils do not cause the onset of amyloidosis-
related neurodegenerative diseases. Furthermore, a robust correlation between the soluble
Aβ oligomer levels and the extent of synaptic loss and severity of cognitive impairment has
been established [20,21,49–53]. Therefore, soluble oligomers are very important players in
protein aggregation and in the related cytotoxicity. The term ‘soluble oligomer’ is used here
to describe any nonmonomeric form of an amyloidogenic protein that is soluble in aqueous
solutions and remains in solution after high-speed centrifugation, indicating that it is not an
insoluble fibrillar or aggregated species. Several illustrative examples of these mysterious
species are briefly described below.

Aβ oligomers
Among various amyloidogenetic proteins, oligomerization and its potential consequences
are well documented for natural and synthetic Aβ peptides. Because various aspects of Aβ
oligomer formation and toxicity were considered in a recent review by Sakono & Zako [49],
only some key observations are presented below. Several different oligomeric forms,
ranging from dimers to 24-mers and to higher relative molecular mass soluble species, have
been reported for natural and synthetic Aβ peptides [49,50,54,55]. These oligomers are
highly diverse in respect of their structure, size and shape (see Fig. 2). For example, natural
Aβ oligomers with a wide-ranging relative molecular mass distribution (from <10 to >100
kDa) have been found in the AD brain [56]. This structural and morphological diversity is
believed to be responsible for the diversity of biological effects ascribed to these oligomers
and for the related complexity of AD pathology [20,21,49,50,54,55]. For example, the
analysis of soluble fractions of human brain and amyloid plaque extracts revealed the
presence of SDS-stable dimers and trimers, suggesting that these oligomers could play a
crucial role as the fundamental building blocks in the formation of larger oligomers or
insoluble amyloid fibrils [57–59]. Cultured cells have also been shown to secrete the
similarly sized Aβ oligomers, which have been shown to inhibit long-term potentiation in
vitro [60,61]. In vitro studies have revealed that Aβ dimers were three times more toxic than
monomers, and that Aβ tetramers were 13 times more toxic, clearly supporting the concept
of the high toxicity of low relative molecular mass Aβ oligomers [62]. The levels of the
Aβ*56 oligomeric form (which corresponded to the SDS-stable Aβ nonamers and
dodecamers) in the brain of the β-amyloid precursor protein transgenic Tg2576 mice were
shown to be correlated with memory deficits in this animal model [63]. Purified dodecamers
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were shown to induce a significant fall-off in the spatial memory performance of wild-type
rats, suggesting that nonamers and dodecamers can be associated with deleterious effects on
cognition. A morphological analysis revealed a great shape variability in Aβ soluble
oligomers. For example, small Aβ globular oligomers (5 nm in diameter), referred to as Aβ-
derived diffusible ligands (ADDLs), were frequently found in Hams-F12 medium [64].
These ADDLs were shown to strongly interact with the dendritic arbors of cultured neurons,
to cause neuronal cell death and to block long-term potentiation. Furthermore, an analysis of
the soluble brain extracts using ADDL-specific antibody established the presence of ADDLs
in human AD brain, suggesting that the formation and existence of ADDLs in the human
AD brain can cause disease [64]. The largest globular Aβ assemblies are amylospheroids,
which are highly neurotoxic, off-pathway, spheroidal structures with diameters of 10–15 nm
[65]. Finally, various annular Aβ oligomers, with relative molecular mass ranging from 150
to 250 kDa and with an outer diameter of 8–12 nm and an inner diameter of 2.0–2.5 nm,
have also been described [66,67]. Such doughnut-like oligomers are preferentially formed
from mutant Aβ (such as those carrying the Arctic mutation). These annular Aβ oligomers
can act on the nonspecific amyloid pores, which structurally resemble pores formed by the
bacterial cytolytic β-barrel pore-forming toxins, and which could be responsible for the Aβ-
associated cytotoxicity [66].

α-synuclein oligomers
Similar to Aβ, α-synuclein (which is believed to be a major player in the pathogenesis of PD
and other synucleinopathies) fibrillization in vitro is not a simple two-state transition from
monomer to fibrils, representing instead a rather complex process involving the formation of
oligomeric intermediates of various sizes and morphologies. The prolonged incubation of α-
synuclein at different temperatures resulted in a temperature-dependent, progressive
aggregation, with dimers being formed first [68]. This temperature-modulated
oligomerization was shown to be accompanied by a small but reproducible increase in the
ordered secondary structure content. Interestingly, the trapped oligomeric conformation was
structurally similar to the premolten globule-like partially folded monomeric confomer
induced by low pH or high temperature [68]. Therefore, it has been concluded that the
partially folded premolten globule-like conformation of α-synuclein can be stabilized as the
protein undergoes a highly selective self-assembly process during prolonged incubation at
elevated temperatures [68]. The formation of oxidative dimers and higher-order oligomers
with dityrosine cross-links in α-synuclein under the conditions of oxidative stress was also
reported [69].

Various oligomers were separated from fibrillar and monomeric α-synuclein by
sedimentation followed by gel-filtration chromatography [70,71]. AFM analysis revealed a
great morphological diversity of these oligomers, including various spheres (with heights
ranging from 2 to 6 nm), chains of spheres (protofibrils) and rings with heights ranging from
3 to 7 nm [70,71]. In this process, spherical protofibrils were formed rapidly, whereas
annular species were produced on prolonged incubation of spheres [72]. In addition to the
completed rings, doughnuts, the existence of partially formed rings (crescents) has been
observed [72]. The formation of both doughnuts and fibrils was shown to require an initial
formation of spherical, β-structure-enriched, α-synuclein oligomers. The morphology of the
oligomers was shown to be affected by the solution conditions, including the presence of
lipids [72–74], organic solvents [75] or metal ions [76]. In fact, the incubation of α-
synuclein with different metals for 1 day at 4 °C produced three different classes of
oligomer, where Cu2+, Fe3+ and Ni2+ yielded 0.8–4 nm spherical particles, similar to α-
synuclein incubated without metal ions, Mg2+, Cd2+ and Zn2+ gave larger, 5–8 nm spherical
oligomers, whereas Co2+ and Cd2+ frequent annular (doughnut-like) oligomers, 70–90 nm in
diameter with Ca2+ and 22–30 nm in diameter with Co2+ [76]. Analysis of the different α-
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synuclein oligomers by Raman microscopy revealed that the spheroidal oligomers contained
a significant amount of α-helical structure (~47%) and β-sheet structure (~29%). The
formation of protofibrils was accompanied by a decrease in the α-helical content to ~37%
and a concomitant increase in the β-sheet content to ~54% [77]. Both spheroidal and annular
oligomers were proposed to be cytotoxic. In fact, the spherical protofibrils were shown to
bind to brain-derived membrane fractions much more tightly than monomeric or fibrillar α-
synuclein did [72]. Annular oligomers, known as amyloid pores, are also able to bind to
membrane [72], significantly affecting cell viability by influencing the membrane stability
[19,20].

Soluble oligomers are often transient, as they are consumed as fibrillization proceeds
[20,71,72]. In situ AFM analysis showed that the formation of globular oligomers precedes
the appearance of amyloid fibrils and is systematically observed under conditions for
accelerated fibrillation, potentially indicating that the oligomers can act as on-pathway
intermediates during amyloidogenesis [78]. However, soluble oligomerization can also be an
off-pathway reaction, and under some conditions the productive α-synuclein fibrillation is
known to be inhibited in favor of soluble oligomer formation. For example, nitrated α-
synuclein remains assembled into the oligomeric spheroids even after incubation for a very
prolonged time [79]. Furthermore, the addition of nitrated α-synuclein substantially inhibited
the fibrillation of the nonmodified protein in a concentration-dependent manner [79,80].
Preferential oligomerization was also found when α-synuclein was co-incubated with
cigarette smoke components, such as nicotine and hydroquinone [81], various flavonoids
[82] or substoichiometric concentrations of 3,4-dihydroxyphenylacetic acid [83], or as a
result of methionine oxidation [84].

Although in the majority of the analyzed cases soluble α-synuclein oligomers were cytotoxic
and dramatically affected membrane permeability [19,20,72], there are several cases when
oligomerization of this protein resulted in the formation of nontoxic species. In fact, this
finding is rather expected due the highly heterogeneous nature of protein aggregates
(including oligomers) caused either by the heterogeneous starting materials or by multiple
pathways of assembly, or by both these factors. Therefore, it is difficult to believe that all
the soluble oligomers, with their astonishing morphological variability, will be similarly
cytotoxic [81]. In agreement with this reasoning, the flavonoid baicalein was shown to
inhibit α-synuclein fibrillation via the stabilization of soluble oligomers that possessed very
specific structural features: being spherical, having a relatively globular structure with a
packing density intermediate between that of premolten globules and typical globular
proteins, having a relatively well-developed secondary structure and being characterized by
high thermodynamic stability [85]. These oligomers were able to inhibit fibrillation of
baicalein-untreated α-synuclein and, most importantly, did not disrupt the integrity of the
biological membrane [85]. Similarly, the oxidation of α-synuclein methionines by H2O2
greatly inhibited fibrillation of this protein in vitro, leading to the formation of relatively
stable oligomers, which were not toxic to dopaminergic and GABAergic neurons [84].
These observations clearly show that the soluble oligomer formation from the
amyloidogenic protein does not always create harm, and can in fact be beneficial.

Tau protein oligomers
The appearance of neurofibrillary tangles (NFTs), insoluble intracellular fibers of paired
helical filaments arising from the misfolding and aggregation of the neuronal-specific
microtubule-associated protein tau, is closely correlated with AD progression [86–88]. As
with Aβ and α-synuclein, the formation of soluble tau oligomers, rather than that of mature
fibrils, is the key to cell death associated with tau aggregation [89]. Recently, structures of
tau oligomers that appear in response to heparin-induced aggregation were analyzed by
multidimensional NMR [90]. This study revealed that the regions VQIINK280 and

Uversky Page 7

FEBS J. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VQIVYK311 of tau protein were the major sites of intermolecular interaction in the
oligomer, and that these intermolecular interactions were triggered in response to heparin
addition [90]. It has also been shown that tau assembly involves two distinct dimers
(cysteine-dependent and cysteine-independent) that differ in resistance to reduction [91].
Interestingly, the population of cysteine-dependent tau oligomers increased prior to the
detection of fibrils, which was accompanied by an increase in the amounts of cysteine-
independent dimer [91]. In addition to the small oligomers discussed above, a granular tau
oligomer having a prefilamentous structure was also found [92]. Quantification of frontal
cortex samples displaying varying degrees of NFT pathology revealed significantly
increased levels of granular tau oligomers, even in brains with a very early neuropathology
stage at which clinical symptoms of AD and NFTs in frontal cortex are believed to be absent
[92]. Based on these observations, it has been concluded that the increase in granular tau
oligomer levels occurs prior to the detectable formation of NFTs and before individuals
manifest clinical symptoms of AD, suggesting that granular tau oligomer levels may
represent a very early sign of NFT formation and AD [92].

Mammalian prion protein oligomers
In the prion diseases, the autocatalytic conversion of the cellular form of the prion protein
(PrPC) to an alternative conformation (scrapie form of the prion protein, PrPSc) is assumed
to take place [93]. Here, PrPC is monomeric and sensitive to protease digestion, whereas
PrPSc is richer in β-sheet content, has a low solubility and is resistant to protease digestion
[93]. Furthermore, PrPSc can convert PrPC into its pathogenic PrPSc [93]. By analogy with
other conformational diseases, prion protein oligomers and/or prefibrillar aggregates might
be cytotoxic [94,95]. In agreement with this hypothesis, the most infectious species were
shown to be soluble oligomers of the prion protein, 17–27 nm in diameter and 300–600 kDa
in mass, derived from the disaggregation of PrPSc [96]. Furthermore, these oligomers were
able to efficiently convert the PrPC into a protease-resistant form in an in vitro assay [96].
Being incubated at low pH, the full-length mouse prion protein was shown to transform into
an equilibrium mixture of soluble β-rich oligomers and α-rich monomers [97]. With time,
these β-rich oligomers were assembled into the worm-like amyloid fibrils in a step-wise
manner, and potentially via multiple routes [97].

Yeast prion protein oligomers
The fact that amyloids in general, and PrPSc in particular, can self-propagate suggests that
the structure of the final fibrillar state might be determined by the structural information
encoded in the initial nucleus formed in the very early phase of protein fibrillation. A
systematic analysis of fibrillation of yeast prion protein Sup35 supported this hypothesis,
and showed that the structural variability in the initial nucleus was a crucial determining
factor of the diversity of prion strain conformations and resulting strain phenotypes [98]. In
fact, an intriguing correlation was found between the reversible formation of soluble
oligomers at low temperature and the ability of Sup35 to form the Sc4 prion conformation
that leads to the induction of strong [PSI+] phenotypes. The oligomer formation was driven
by the non-native aromatic interactions outside the amyloid core, which specifically led to
the formation of highly infectious strain conformations with more limited amyloid cores
[98]. Based on this interesting study, the authors concluded that transient non-native
interactions in the initial oligomers could play a crucial role in the subsequent determination
of the diversity of amyloid conformations and resulting prion strain phenotypes [98].

Insulin oligomers
The physiological form of insulin is a zinc-stabilized hexamer. However, in 20% acetic acid,
insulin is monomeric [99]. A systematic analysis of insulin fibrillation in 20% acetic acid
revealed the existence of noticeable structural changes occurring before the onset of fibril
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formation [100]. In this study, at least two different types of oligomeric intermediate
between the native monomer and fibrils were detected. These intermediates had significantly
different underlying structures, being easily distinguishable by FTIR, CD and 8-
anilinonaphthalene-1-sulfonate binding, and corresponded to the significantly different
association state, as determined by the dynamic light scattering. Both oligomeric
intermediates had non-native conformations, indicating that fibrillation occurred from a β-
rich structure that is significantly different from the native fold [100]. The existence of
significant amounts of oligomeric species of insulin prior to the appearance of mature fibrils
and throughout the fibril elongation process was further confirmed by dynamic light
scattering [100] and time-lapse AFM [101]. SAXS analysis of oligomeric species
accumulated at the early fibrillation stages of insulin revealed the peculiar morphology
where oligomer appeared as a bead-on-a-string assembly of six units, each with dimensions
comparable with those of insulin monomers [102].

Oligomers of the immunoglobulin light chain
Light chain amyloidosis (or primary amyloidosis) originates from the formation and
systemic deposition (especially in the kidneys) of fibrils of monoclonal immunoglobulin
light chain variable domains in patients suffering from multiple myeloma [103]. LEN is a
κIV immunoglobulin light chain variable domain from a patient suffering from multiple
myeloma, the recombinant form of which is a dimer that represents an established system
for the in vitro characterization of light chain amyloid proteins [104]. A systematic analysis
of the LEN fibrillation process revealed an inverse concentration dependence due to the
formation of the off-pathway soluble oligomers (probably octamers) at a high protein
concentration [105,106]. In fact, these soluble off-pathway oligomeric species were formed
at high protein concentrations prior to the appearance of fibrils, significantly slowing down
the kinetics of fibril formation, as compared with the fibrillation rates measured at much
lower protein concentrations. However, fibrils were still observed eventually at high protein
concentrations, despite the initial trapping of most of the protein as soluble off-pathway
oligomers. Because most of the protein was present in these off-pathway intermediates at
relatively early times of aggregation, and because all the proteins eventually formed fibrils, a
structural rearrangement from the nonfibril-prone off-pathway oligomers to a more fibril-
prone species must occur at later aggregation stages. The corresponding structural changes,
being monitored by a variety of techniques, revealed a significant increase in the disordered
secondary structure content, an increase in the solvent accessibility and a decrease in the
intrinsic stability of the soluble oligomers [105]. More specifically, the fibrillation of the
dimeric LEN can be described by the following model. First, the transition to a partially
folded but relatively native-like conformation, I, takes place. At this stage, LEN preserves its
dimeric state. Then, a soluble oligomer (an octamer), I8, is formed from the partially folded
dimer. This octamer is comprised of partially folded LEN molecules, the conformations of
which correspond to those of the initially formed partially folded intermediate I. With time,
these I8 oligomers undergo a transformation into a second class of soluble oligomers (I*8)n
and the component molecules undergo a conformational change leading to a less ordered
structure, I*. At the final stage, the exponential growth of fibrils occurs. In contrast to I, the
conformation of I* is much more disordered, as detected by probes of secondary structure,
increased susceptibility to proteolysis, increased H/D exchange and decreased
conformational stability [105]. Interestingly enough, this structural reorganization, which
leads to a more unfolded conformation in the higher oligomers, accounting for the observed
decrease in stability and increase in solvent accessibility, is driven by the self-association of
the I8 oligomers. Based on these observations it has been concluded that LEN represents a
unique fibrillating system in which soluble off-pathway oligomeric intermediates have been
shown to be the major transient species, and in which fibrillation occurs from a relatively
unfolded conformation present in these intermediates [105].
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Concluding remarks
Mounting evidence indicates that uncontrolled (or unwanted) self-aggregation of
amyloidogenic proteins represents a fundamental basis for the development of various types
of amyloid-related degenerative disease. Aggregation is a very complex self-assembly
process characterized by an astonishing polymorphism of final products. Proteins are known
to self-assemble into various aggregated forms, e.g. soluble amyloid oligomers, amyloid
fibrils and amorphous aggregates. The choice between the three aggregation pathways,
fibrillation, amorphous aggregate formation and oligomerization, is determined by the
amino acid sequence and by the peculiarities of the protein environment. However, these
forms are often found at the end of the aggregation reaction. In addition, each of these
aggregated species can be present in several morphologically and structurally different
forms. This polymorphism reflects the wide variation in the association states of
amyloidogenic proteins and diversity of intermolecular interactions stabilizing final self-
aggregated forms. For example, Aβ oligomers are known to be characterized by a wide
range of association degree (from <10 to >100 kDa), and the biochemical properties of Aβ
oligomers and their pathogeneity depend on their sizes and structures. Furthermore, even
similarly sized Aβ oligomers can be characterized by a dramatic structural (and potentially
pathogenic) polymorphism. In all likelihood, this polymorphism reflects the existence of
multiple independent and competing assembly pathways leading to aggregation. In relation
to the pathogenesis, amyloid oligomers (which are oligomeric but soluble states of
amyloidogenic proteins), rather than insoluble amyloid fibrils, are now believed to be
responsible for the initiation of neurodegenerative cascades of corresponding diseases.
These oligomers are inevitably formed during the aggregation process, both as crucial
intermediates in the fibrillogenesis and as independent off-pathway entities. The fact that
various amyloidogenic proteins can form toxic soluble oligomers clearly suggests that
amyloid oligomers can be considered as the general key factors in the pathogenesis of
various degenerative diseases. Recent studies have clearly shown that the formation and
toxicity mechanisms of various amyloid oligomers can also be different from one another.
Therefore, the therapeutic strategies targeted at the inhibition of fibrillation or at the
dissolving of preformed fibrils can be potentially harmful, as the prevention of aggregation
may cause the formation or stabilization of toxic oligomer states. On the other hand, because
oligomers are formed via various pathways, not all oligomers are equally cytotoxic, and
several cases were reported when amyloidogenic proteins were forced to form some
nontoxic oligomers. Importantly, under some conditions, the formation of such nontoxic
oligomers can very effectively compete with the fibrillation process and the preformed
nontoxic oligomers can serve as potent fibrillation inhibitors.

Abbreviations

AD Alzheimer’s disease

ADDL Aβ-derived diffusible ligand

AFM atomic force microscopy

NFT neurofibrillary tangle

PD Parkinson’s disease

PrPC cellular form of the prion protein

PrPSc scrapie form of the prion protein.
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Fig. 1.
A schematic, oversimplified representation of the protein self-association process. The
formation of multiple association-prone monomeric forms generates multiple aggregation
pathways. There are three major products of the aggregation reaction – amorphous
aggregates (top pathway), morphologically different soluble oligomers (pathways second
and third from the top) and morphologically different amyloid fibrils (bottom two
pathways). Two types of soluble oligomer (spheroidal and annular) and two
morphologically different amyloid fibrils are shown. Changes in color reflect potential
structural changes within a monomer taking place at each elementary step. In reality, the
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picture is more complex and more species can be observed. Interconversions between
various species at different pathways are also possible.
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Fig. 2.
Illustrative examples of various self-assembled complexes of amyloidogenic proteins. (A)
Diversity of soluble oligomers formed by 16 µM Aβ42. This sample was prepared using the
16 µM Aβ42 solution diluted to 4 µm and immediate addition to the mica surface for AFM.
(B) High relative molecular mass oligomers. This sample was prepared after the Aβ42
peptide incubation at a concentration of 80 µM for 3 h followed by dilution to 40 µM before
depositing on the mica surface. (C) High-resolution AFM images of monomeric (a), dimeric
(b) and tetrameric (c) Aβ42 peptide. Here, the diffuse area to the left of the particle in each
image corresponds to the disordered N-terminal region of the Aβ42 monomer. This sample
was prepared at an initial Aβ42 peptide concentration of 100 µM, which was immediately
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diluted to 30 µM and incubated with shaking for 1 h before being deposited on the AFM mica
surface. (D) High-resolution AFM images of unit-protofibrils formed in a 16 µM Aβ42
peptide solution. This sample was prepared by the dilution of the starting solution to 4 µM

either immediately or after 4 h. Images in this plot are courtesy of Professor Steven O.
Smith.
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